The basal ganglia (BG), which influence cortical activity via the thalamus, play a major role in motor activity, learning and memory, sensory processing, and many aspects of behavior. The substantia nigra (SN) consists of GABAergic neurons of the pars reticulata that inhibit thalamic neurons and provide the primary output of the BG, and dopaminergic neurons of the pars compacta that modulate thalamic excitability. Little is known about the functional properties of the SN3thalamus synapses, and anatomical characterization has been controversial. Here we use a combination of anatomical, electrophysiological, genetic, and optogenetic approaches to re-examine these synaptic connections in mice. We find that neurons in the SN inhibit neurons in the ventroposterolateral nucleus of the thalamus via GABAergic synapses, excite neurons in the thalamic nucleus reticularis, and both excite and inhibit neurons within the posterior nucleus group. Glutamatergic SN neurons express the vesicular glutamate receptor transporter vGluT2 and receive inhibitory synapses from striatal neurons, and many also express tyrosine hydroxylase, a marker of dopaminergic neurons. Thus, in addition to providing inhibitory outputs, which is consistent with the canonical circuit, the SN provides glutamatergic outputs that differentially target thalamic nuclei. This suggests that an increase in the activity of glutamatergic neurons in the SN allows the BG to directly excite neurons in specific thalamic nuclei. Elucidating an excitatory connection between the BG and the thalamus provides new insights into how the BG regulate thalamic activity, and has important implications for understanding BG function in health and disease.
Introduction
The basal ganglia (BG) are crucial to motor tasks, movement initiation, learning, memory, arousal, reward reinforcement, sensory processing, and numerous cognitive and emotional processes (Smith and Bolam, 1990; Joel and Weiner, 1994; Hauber, 1998; Bolam et al., 2000; Silkis, 2001; Packard and Knowlton, 2002; Sridharan et al., 2006; Deniau et al., 2007; Schmidt et al., 2013) . BG dysfunction is implicated in Huntington's and Parkinson's diseases, drug addiction, and obsessive-compulsive disorder (DeLong and Wichmann, 2007; Wichmann et al., 2007; Grueter et al., 2012; Pascoli et al., 2012) . Although remarkable progress has been made in clarifying BG circuitry (Gong et al., 2003 (Gong et al., , 2007 Bateup et al., 2010; Gittis et al., 2010; Jin and Costa, 2010; Kravitz et al., 2010; Witten et al., 2010; Adamantidis et al., 2011) , relatively little is known about the outputs from the BG to the thalamus (Di Chiara et al., 1979; Rajakumar et al., 1994; Yung et al., 1998) .
Several hypotheses have been advanced to account for how the BG influence the thalamus, the cortex, and ultimately behavior. According to recognized circuitry, GABAergic neurons in the substantia nigra pars reticulata (SNR) provide the primary output of the BG. The SN also contains dopaminergic neurons in the pars compacta (SNC) that modulate synapses and excitability in the thalamus (Lavin and Grace, 1998; Sánchez-González et al., 2005; Yagüe et al., 2013) . SNR neurons fire spontaneously at 30 -60 Hz, and the prevailing view is that they tonically inhibit thalamic neurons MacLeod et al., 1980; Chevalier and Deniau, 1984, 1990; Chevalier et al., 1985; Deniau et al., 2007; Berényi et al., 2009 ). Suppression of SNR activity disinhibits the thalamus, and thereby elevates thalamic and cortical activity (Chevalier and Deniau, 1984, 1990; Chevalier et al., 1985; Deniau et al., 2007) . In the birdsong system, BG activity produces precisely timed rebound spikes in thalamic neurons (Doupe et al., 2005; Person and Perkel, 2005; Leblois et al., 2009) . It has been shown however, that SN neurons are not exclusively GABAergic or dopaminergic (Oertel and Mugnaini, 1984; Deutch et al., 1986; Gould and Butcher, 1986; Kha et al., 2001) ; some express the vesicular glutamate transporter vGluT2, suggesting that they release glutamate (Yamaguchi et al., 2013) . However, little is known about the properties of these vGluT2-positive cells.
Here, we examined the properties of synapses made by SN onto thalamic neurons in the following three regions: the ventroposterolateral nucleus (VPL), the nucleus reticularis (nRT), and the posterior nucleus group [i.e., posterior thalamus (PTh)]. We find that the SN influences each of these regions in different ways: VPL neurons are inhibited in a manner that is consistent with the canonical circuit, but nRT neurons are excited, and PTh neurons receive both GABAergic and glutamatergic innervation. In addition, many vGluT2-positive neurons also express tyrosine hydroxylase (TH), indicating that they are also dopaminergic. Thus, nigral thalamic efferents deviate markedly from the prevailing view, as their function extends beyond simple inhibition and disinhibition of thalamic neurons.
Materials and Methods
Transgenic animals: viral and retrograde bead injections. Animals with Slc17a6 tm2(cre)Lowl /J genetic background (vGluT2-Cre mice; Vong et al., 2011) and with B6;129-Hprt tm2(CMV-tdTomato)Nat /J genetic background (tdTomato mice; stock #021428, The Jackson Laboratory) were bred together to obtain offspring carrying both Cre and floxed tdTomato alleles (vGluT2-Cre::tdTomato), allowing visual identification of vGluT2-positive neurons in slice preparations based on red tdTomato fluorescence. vGluT2 has been widely used as specific marker of glutamatergic neurotransmission to determine functionally distinct neuron populations (Fremeau et al., 2001) . Crosses of mice with vGluT2-Cre::tdTomato and GAD67::GFP genetic backgrounds (Tamamaki et al., 2003) were also generated, yielding a mouse line carrying both tdTomato and GFP genes in distinct, vGluT2-positive and GAD67-positive cell populations, respectively (vGluT2-Cre::tdTomato/GAD67::GFP). To study vGluT2-specific SN outputs to thalamus, vGluT2-Cre mice were used. Mice of either sex were used in these studies. All animal handling and procedures abided by the guidelines of the Harvard Medical Area Standing Committee on Animals.
Recombinant adeno-associated viruses (AAVs) carrying fusion genes for channelrhodopsin-2 (ChR2) and fluorescent reporter genes were injected into SN of transgenic mice in vivo, between postnatal days 14 and 18 using a stereotaxic device. Viral vectors were provided by the University of Pennsylvania Vector Core: AAV1.CAG.hChR2(H134R)-mCherry.WPRE. SV40, AAV1.hSyn.hChR2(H134R)-eYFP.WPRE.hGH, and AAV9.EF1a. DIO.hChR2(H134R)-eYFP.WPRE.hGH. Injection volumes were between 40 and 100 nl. After allowing 3-4 weeks for ChR2 expression, acute sagittal brain slices were cut for in vitro recording and stimulation. In experiments, where striatal inputs onto vGluT2-positive SN neurons were studied, AAVs were injected into striatum, and whole-cell recordings were later performed from vGluT2-positive neurons within the SN. Injection coordinates for SN injections were as follows (using the median sagittal line at lambda as reference point; in mm): 1 rostral, 1.3 lateral, and 4.55 depth. Injection coordinates for striatum injections were as follows (in mm): 4.7 rostral, 1.35 lateral, and 3.3 depth.
We used Green Lumafluor Retrobeads IX (Lumafluor) to perform fluorescent retrograde tract tracing. These latex nanobeads are 0.02-0.2 m in diameter, and contain a green fluorescent dye with peak excitation and emission wavelengths at 460 and 505 nm, respectively. An array of previous studies has shown that when this tracer is injected, there is little diffusion observed, no cytotoxicity or phototoxicity, and strong labeling, which persists up to 10 weeks (Katz et al., 1984; Eyre et al., 2008; Lammel et al., 2008; Daubaras et al., 2014) . Injection coordinates for nRT injections were as follows (using the median sagittal line at lambda as reference point; in mm): 3.25 rostral, 1.75 lateral, and 3.25 depth. Injection coordinates for VPL injections were as follows: 2.9 rostral, 1.55 lateral, and 3.55 depth. Injection coordinates for PTh injections: 2.3 rostral, 1.1 lateral, and 2.9 depth.
Slice preparation. Mice (35-42 d old; C57BL/J6 described above and in Results) were deeply anesthetized with isoflurane; their brains were then quickly removed and placed in ice-cold oxygenated (95% oxygen/5% CO 2 ) solution consisting of the following (in mM): 130 K-gluconate, 15 KCl, 0.05 EGTA, 20 HEPES, and 25 glucose, pH 7.4, with NaOH. Acute sagittal slices (250 m thick) were prepared from the injected hemispheres. Slices were then stored in a submerged equilibrium chamber with artificial CSF equilibrated with 95% O 2 and 5% CO 2 , consisting of the following (in mM): 125 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , and 25 glucose, pH 7.3, osmolarity 310. Slices were incubated initially at 32°C for 15 min and then at room temperature. After 0.5-1 h of recovery, brain slices were placed in the recording chamber mounted on an Olympus BX51WI microscope equipped with differential interference contrast (DIC) and fluorescence capabilities. The temperature in the recording chamber was kept near 34°C using an inline heating device (Warner Instruments). The tissue was continuously superfused with oxygenated ACSF at a flow rate of ϳ5 ml/min.
Electrophysiological recordings. The inhibitory interneurons within the nRT were identified by selective GFP expression in GAD67::GFP transgenic animals (Tamamaki et al., 2003) , and C57BL/J6 animals were used for some of the VPL and PTh cell recordings, green fluorescent proteinexpressing cells, and red fluorescent ChR2 fusion protein-expressing SN axons were identified using appropriate fluorescence filters and then approached under DIC.
Whole-cell voltage-clamp recordings were performed by using 2-3.5 M⍀ borosilicate glass pipettes pulled with a horizontal puller (Sutter Instruments) and filled with an intracellular solution that contained the following (in mM): 140 Cs-methanesulfonate, 15 HEPES, 0.5 EGTA, 2 TEA-Cl, 2 MgATP, 0.3 NaGTP, 10 phosphocreatine-tris2, and 2 QX 314-Cl. pH was adjusted to 7.2 with CsOH. Membrane potentials were not corrected for the liquid-junction potential. Access resistance was continuously monitored throughout the experiments, and only those cells with stable access resistance (changes Ͻ10%) were used for analysis. Neurotransmitter receptor antagonists (all from Tocris Bioscience) were applied by bath perfusion: picrotoxin (20 M), NBQX (5 M), and 3-(( R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (R-CPP; 5 M).
Recordings were performed with a 700B Axoclamp amplifier (Molecular Devices) and were controlled with custom software written in Igor Pro 6.0 (generously provided by Mathew Xu-Friedman, SUNY Buffalo, Buffalo, NY).
Data analysis and statistical comparisons. All data analyses were performed using software custom written in Igor Pro 6.0 (WaveMetrics). All data are expressed as the mean Ϯ SEM.
Selective ChR2-mediated stimulation of striatal and nigral efferents. To assess responses to optical stimulation of SN pathways, whole-cell recordings were made from nRT and thalamic neurons, and responses to blue laser stimuli (473 nm) were measured in voltage-clamp. The laser was usually focused as a ϳ130-m-diameter spot through a 63ϫ waterimmersion objective. Maximum total laser power density at the focal plane of the slice was ϳ300 mW/mm 2 . For synaptic stimulation, 0.5-1 ms flashes were delivered directly over the recorded soma.
We initially injected ChR2-mCherry AAV into SN and continued in later experiments with other above-mentioned AAV constructs. When injections were successfully targeted, mCherry labeling was found throughout the SN near the injection site, and in axons in multiple brain regions (see Results). Importantly, brightly labeled bundles of SN axonal arbors were observed in the VPL, nRT, and PTh ( Fig. 1 ; see also Fig. 3 ; n Ͼ 50 injections). Laser stimulation of ChR2-expressing SN axons evoked current responses recorded in voltage-clamp, as described above.
In all experiments, the minimal light intensity necessary to activate SN axons was first determined by sequentially stimulating the fluorescent axons containing ChR2 at progressively higher laser power densities (from 0 to ϳ300 mW/mm 2 , every 30 s) while recording either from nRT interneurons or VPL and PTh cells. With increasing intensities, IPSCs and EPSCs increased in amplitude, indicating the recruitment of additional axons. Once the threshold light intensity was determined, the stimulus intensity was kept at midway between maximum intensity and threshold (typically, 100 mW/mm 2 for 1 ms). Epifluorescent and confocal microscopy. Postnatal day 35 (P35) to P45 mice were deeply anesthetized with isoflurane and a ketamine/xylazine mixture, and were perfused transcardially with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (Sigma-Aldrich). Brains were post-fixed, washed in PBS, and stored at 4°C for 1-3 days until further processing. Injected hemispheres were then sectioned at 50 m sagitally (Vi-bratome). Free-floating sections were then incubated in blocking solution [PBS plus 0.5% Triton X-100 (PBST) plus 10% normal goat serum] for 1 h at room temperature. Slices were incubated with primary antibodies (monoclonal tyrosine hydroxylase antibodies; catalog #22941, ImmunoStar) in PBST overnight at 4°C, followed by incubation with secondary antibodies in PBST overnight at 4°C. Slices were mounted to Superfrost glass slides (VWR) and air dried for 30 min. Following application of DAPI-containing Prolong anti-fade medium (Invitrogen), slices were covered with a top glass coverslip (VWR) and allowed to dry for 24 h before imaging. Antibodies were used at a dilution of 1:1000.
Brain hemisphere sections were identified based on comparisons among 21 sagittal plates from the Allen Brain Atlas (version 2, 2011) and epifluorescent transgene signals from sections obtained by our slicing methodology. Coordinates in figure panels indicate steps (in micrometers) toward the midline. Whole sections were imaged with an Olympus VS110 slide-scanning microscope. High-resolution images of regions of interest were subsequently acquired with a Zeiss LSM 510 META confocal microscope (Harvard NeuroDiscovery Center) using a Planapochromat 63ϫ, 1.4 numerical aperture, oil lens. Appropriate excitation and emission filters were used to visualize GFP, mCherry, tdTomato, and yellow fluorescent protein (YFP). Single optical sections of 1024 ϫ 1024 (Kalman average of 15 scans) were obtained sequentially for the different channels.
Results
We used an optogenetic approach to study outputs from the SN to the thalamus, because selective electrical activation of SN axons is impractical due to the multiple sources of afferents to thalamic neurons (Cebrián et al., 2005) . Stereotaxic injections were used to introduce AAV and express ChR2-mCherry in the SN (Fig. 1A ). GAD67::GFP transgenic mice were used in which GABAergic neurons within the nRT and the SN are labeled (Fig.  1B) . Red mCherry fluorescence was apparent at the injection sites in the SN, and in projections within the thalamus. The pattern of labeled fibers from a typical injection is shown for successive sections (Fig. 1C,D) . High-power confocal images reveal dense fiber labeling within the VPL, nRT, and the PTh (Fig. 1E) .
Activation of SN fibers with brief light flashes (0.5-1 ms) evoked synaptic responses in the VPL, nRT, and the PTh (Fig. 1  F ) . In these experiments, voltage-clamp recordings were made using an internal solution in which the Cl Ϫ concentration was set such that the GABA A -mediated response reversed at Ϫ70 mV, whereas synaptic currents mediated by AMPA and NMDA receptors reversed at 0 mV. Thus, glutamatergic responses could be studied in isolation at Ϫ70 mV, and GABA A -mediated currents could be studied at 0 mV. In the VPL (Fig. 1F, left) , no excitatory response was observed when the cell was held at Ϫ70 mV, while an inhibitory current at 0 mV was eliminated by a GABA A receptor (GABA A R) antagonist (red). Picrotoxin reduced the IPSC amplitude evoked in the VPL to 0.8 Ϯ 0.1% (n ϭ 8) of initial values (Fig. 1G, left) . In the nRT (Fig. 1F, middle) , no inhibitory The injection was performed in a GAD67-GFP mouse, in which inhibitory neurons are labeled in green. The SN and the nRT, which contain primarily GABAergic neurons, are readily identified. C, mCherry fluorescence shows prominent expression in SN cell bodies in the SN and fibers in the thalamus. D, Fiber labeling within the thalamus is shown for multiple consecutive sections, with the first panel corresponding to plate 11. Coordinates indicate steps, in micrometers, toward midline. E, High-power images of red and green fluorescence show the labeled fibers (mCherry) and GABAergic neurons (green in GAD67-GFP mice) within different thalamic regions. F, Representative light-evoked responses are shown for the different nuclei. Glutamate-mediated currents were recorded at Ϫ70 mV, while GABA A -mediated responses were studied at 0 mV. In the VPL, no excitatory response was observed, but an inhibitory current at 0 mV was eliminated with a GABA A R antagonist (red, picrotoxin). In the nRT, no excitatory component was observed, but an excitatory component was observed that greatly attenuated to an AMPAR antagonist (red, NBQX) and was eliminated by the subsequent addition of an NMDAR antagonist (blue, CPP). In the PTh, an excitatory component was observed (black, Ϫ70 mV) that was almost eliminated by NBQX (red). A light-evoked response was also observed at 0 mV that was unaffected by NBQX (red), indicating a direct, monosynaptic inhibitory response, which was eliminated by picrotoxin. G, Summary of pharmacological characterization of light-evoked responses using a GABA A R antagonist (picrotoxin), an AMPAR antagonist (NBQX), and an NMDAR antagonist (R-CPP). H, Summary of the amplitudes of light-evoked IPSCs and EPSCs in different thalamic regions.
current was observed at 0 mV, but an excitatory current was observed at Ϫ70 mV that was nearly abolished by the AMPAR antagonist NBQX (reduced to 9 Ϯ 1% of initial values, n ϭ 7; red) and eliminated by the subsequent addition of an NMDAR antagonist (reduced to 1.0 Ϯ 0.2% of initial values, n ϭ 8; blue). In the PTh (Fig. 1F, right) , an excitatory component was observed at Ϫ70 mV that was strongly attenuated by an AMPAR antagonist (red). On average, the AMPAR antagonist reduced the EPSCs to 5 Ϯ 2% (n ϭ 5) of initial values (Fig. 1G, right) . A light-evoked response was also observed at 0 mV that was unaffected by NBQX ( red), indicating that it was not the result of activating glutamatergic fibers that in turn recruited disynaptic inhibitory input. This IPSC was eliminated by a GABA A R antagonist (2.0 Ϯ 0.8% of initial IPSC amplitude, n ϭ 5).
A summary of the light-evoked synaptic currents revealed clear target-specific differences in the properties of synapses made by SN in different thalamic regions (Fig. 1H ) . In the VPL, inhibitory responses were consistently large (1340 Ϯ 140 pA at 0 mV, n ϭ 13), while excitatory responses were negligible (Ϫ4.3 Ϯ 0.7 pA) at Ϫ70 mV, indicating that the responses were exclusively inhibitory. In the nRT, excitatory responses were large (Ϫ117 Ϯ 13 pA at Ϫ70 mV, n ϭ 14), but the response at 0 mV was exceedingly small (2.1 Ϯ 0.3 pA), indicating that the responses were exclusively excitatory. Meanwhile, all PTh cells received synaptic input with both inhibitory and excitatory components (240 Ϯ 75 pA at 0 mV; Ϫ150 Ϯ 27 pA at Ϫ70 mV; n ϭ 11). Thus, our functional studies reveal a glutamatergic output from the SN to the thalamus that targets the PTh and nRT, but not the VPL. Previous studies used the presence of vesicular glutamate transporters to identify glutamatergic neurons in the SN and found that vGluT2 was present in the SN, but not vGluT1 or vGluT3 (Yamaguchi et al., 2013 ). This suggests that the vGuT2-Cre mice (Vong et al., 2011) could be useful in the study of glutamatergic neurons in the SN. Crossing vGuT2-Cre mice with a conditional tdTomato mouse line yields a mouse line in which vGlut2-positive cells are red. Similarly, GABAergic neurons are green in GAD67::GFP mice. Through appropriate crosses, we obtained a mouse line in which vGluT2-positive cells are labeled in red and GAD67::GFP cells are labeled in green. Most of the neurons in the SN are GABAergic (Fig. 2A) . The SN is surrounded by glutamatergic fibers and neurons, and, as shown previously (Yamaguchi et al., 2013) , the SN contains vGluT2-positive neurons, but they are much less prevalent than GABAergic neurons (Fig. 2B) . High-power images of the SN allowed identification of GFP and tdTomato expression in cell bodies. Overlap between red-and green-labeled cell bodies was not observed (Fig. 2C) . As shown in a representative example slice, vGluT2-positive neurons were readily identified (Fig. 2C,D) . To get a sense of the location of vGluT2-positive neurons in the SN, we imaged a series of sections and used tdTomato epifluorescence to identify vGluT2-positive neurons (Fig. 2E-J ) , as demonstrated in Figure 2D . vGluT2-positive neurons were present in each section, they were intermingled with GABAergic neurons rather than being located in a well defined clusters, and they tended to be located at a higher density in the dorsal region of the SN.
To further test for the presence of these glutamatergic projections, we injected a conditional AAV construct into vGluT2-Cre animals to label glutamatergic neurons in the SN with YFP (n ϭ 6, Fig. 3A) . A subset of neurons was labeled at the injection site, and projections were apparent in the thalamus (Fig. 3B-F ) . Prominent fiber labeling was observed in the nRT and the PTh, but not in the VPL. High-power views from these regions confirmed that cell bodies and neuronal processes were labeled in the SN (Fig. 3G ), fibers and boutons were apparent in the nRT (Fig. 3I ) and the PTh (Fig. 3J ) , and no labeling was apparent in the VPL (Fig. 3H ) . These findings support our functional studies and indicate that there are vGluT2-positive neurons in the SN that send efferents to the nRT and the PTh, but not to the VPL.
Our findings predict that retrograde labeling of SN neurons that project to the VPL, nRT, and PTh should label, respectively, GABAergic neurons, glutamatergic neurons, and both GABAergic and glutamatergic neurons. We tested this by injecting fluorescent nanobeads into distinct regions of the thalamus in vGluT2-Cre::tdTomato mice (Fig. 4A) . In these animals, vGluT2-positive cells are red and other cells show an absence of fluorescence (Fig. 4B) . The beads are taken up by axon terminals and then retrogradely transported to the cell bodies of projection neurons (Quattrochi et al., 1989; Riddle et al., 1995) . This method enables us to target axonal fields in a spatially restricted way, without significant leakage to neighboring areas. After injection, following a survival period to allow axonal transport of retrograde tracers, we observed that cell bodies within SN accumulated beads in their somata. As shown in a high-power image of the SN, retrogradely transported beads labeled specific neurons in the SN (Fig. 4C ) In this example, one vGluT2-negative cell and two vGluT2-positive cells are labeled (Fig. 4C, right) . A representative injection is shown for the VPL (Fig. 4D) . The injected hemisphere of the brain was cut into 50 m sections, and 17 sections were used to determine the location of the injection site (Fig. 4D, left, green) , and 21 sections were used to determine the location of the cells labeled by the retrograde beads (Fig. 4D,  right) . The results are summarized with the outlines of the SN shown for each section, and vGluT2-positive labeled cells (red) and vGluT2-negative labeled cells (blue) are shown. For this example, 99% (825/832 cells, n ϭ 6 animals) of retrogradely labeled , and the merged image shows that, following this injection into the PTh, one non-glutamatergic and two glutamatergic neurons were labeled. D, Shows an experiment in which beads were injected into the VPL, with the injection site shown as a Z-stack determined from 17 sections (left, green). Twenty-one sections were used to determine the location of bead-labeled neurons in the SN, with the outline of the SN shown for all of the sections, and bead-labeled neurons were color coded, with red indicating vGluT2-positive neurons and blue indicating vGluT2-negative neurons. E, Example of retrograde labeling following bead injection into the nRT. F, Example of retrograde labeling following bead injection in the PTh. cells were vGluT2 negative. A similar experiment is shown for an nRT injection (Fig. 4E) . Most of the retrogradely labeled cells were vGluT2 positive (98%, 459 of 465 cells; n ϭ 6). Injections into the PTh also labeled SN neurons, but a mixture of vGlut2-positive cells (51%, 97 of 189 cells; n ϭ 5) and vGlut2-negative cells (49%, 92 of 189 cells; n ϭ 5) were labeled (Fig. 4F ) .
It remains an open question whether some of the vGluT2-positive SN cells that project to the thalamus could also be dopaminergic. The two predominant cell types in the SN are the GABAergic cells of the SNR and the dopaminergic cells of the SNC. In the ventral tegmental area (VTA), some neurons express both TH, which is expressed in dopaminergic cells, and vGluT2, suggesting that they release both dopamine and glutamate (Kawano et al., 2006; Yamaguch et al., 2013) . Optical stimulation of ChR2-expressing dopaminergic neurons evoked EPSCs in striatal projection neurons of the nucleus accumbens (Stuber et al., 2010; Tecuapetla et al., 2010) and dorsal striatum (Tritsch et al., 2012) that were eliminated upon genetic ablation of vGluT2 (Stuber et al., 2010; Tritsch et al., 2012) . In contrast to the VTA and mesolimbic areas, a prior study (Yamaguchi et al., 2013) suggested that in the SN there is minimal overlap between dopaminergic and glutamatergic neurons. They found that vGluT2 is the vesicular transporter required for glutamate release present in the SN (vGluT1 and vGluT3 are not expressed), there are many more THexpressing neurons than vGluT2-positive neurons in the SN (ϳ5:1), and, based on combined in situ hybridization and TH immunolabeling, the occurrence of THpositive neurons that also express vGluT2 is rare.
We re-examined TH expression in the SN using an antibody against TH to identify dopaminergic neurons (Fig. 5B ) in vGluT2-Cre::tdTomato mice (Fig. 5A) . In some experiments, vGluT2-Cre::tdTomato mice were crossed with GAD67-GFP mice. High-power images (Fig. 5C, left) showed that many cell bodies were devoid of green fluorescence (GAD67-GFP negative); some of these cells were vGluT2 positive (red), some cells expressed TH (purple), and some cells expressed both. We analyzed the cells in this image (Fig. 5C , right, cells circled) and found that, of 19 neurons considered, 4 were vGluT2 positive/TH negative (Fig. 5C , bottom right, red arrows), 4 were vGluT2 positive/TH positive (Fig. 5C , bottom right, purple arrows), and 11 were vGluT2 negative/TH positive (Fig. 5C , bottom right, white arrows). Using this approach, we analyzed neurons from two mice and found that 16% of THpositive cells (171 of 1258 cells) were also vGluT2 positive, and 45% of vGluT2-positive cells (171 of 362 cells) were also TH positive. This raises the possibility that some of the vGluT2-positive cells found in the SN also release dopamine, although it is not known which of these cells project to the thalamus. We therefore examined whether the glutamatergic cells that project to the thalamus are also dopaminergic. After injecting fluorescent retrobeads into either the nRT or the PTh of vGluT2-Cre::tdTomato mice, we determined whether beadlabeled vGluT2-positive cells also expressed TH. High-power images show examples of bead-labeled neurons in the SN following injection into the PTh, with a vGluT2-positive/TH-negative cell (Fig. 5D ) and a vGluT2-positive/TH-positive cell (Fig. 5E ). Following bead injections into nRT, vGluT2-positive bead-labeled SN neurons were identified and TH expression was examined in a series of sections for an nRT injection; vGluT2-positive/THnegative cells (Fig. 5F , red) and vGluT2-positive/TH-positive cells (Fig. 5F , purple) were identified. Following nRT injection, 46% of labeled vGluT2-positive cells (221 of 482 cells; n ϭ 2 animals) were TH positive. Following a PTh injection (Fig. 5G) , 22% of labeled vGluT2-positive cells (43 of 193 cells; n ϭ 2 animals) were TH positive. These findings indicate that a fraction of the vGluT2-positive cells that project to the thalamus are also dopaminergic.
Thus, functional and anatomical evidence reveals a population of vGluT2-positive SN neurons that provides glutama- tergic output from the SN to the nRT and PTh thalamic nuclei. To determine whether these glutamatergic neurons are indeed part of the BG circuit, we tested whether they received input from nuclei within the BG. To determine whether this is the case, we injected an AAV construct into the striatum to express ChR2-YFP, which resulted in labeled fibers projecting to the SN (Fig. 6 A, B) . Experiments were performed in vGuT2-Cre: tdTomato mice to allow identification of glutamatergic SN neurons. On-cell recordings (Fig. 6C) showed that vGluT2-positive cells were spontaneously active at 7 Ϯ 1 Hz (n ϭ 10). Optical stimulation of striatal afferents evoked fast IPSCs in these cells (130 Ϯ 25 pA at 0 mV, n ϭ 10) that were eliminated by picrotoxin, indicating that they were mediated by GABA A Rs, the primary neurotransmitter released by striatal projection neurons. These recordings indicate that neurons in the striatum inhibit vGluT2-positive neurons in the SN, and thereby establish that vGluT2-positive neurons in the SN are part of the circuit that allows the BG to regulate thalamic activity.
Discussion
Our main finding is that the SN provides an output to the thalamus that has an excitatory component, in addition to the previously described inhibitory component. The output from the SN is highly dependent on the target region: a ventral thalamic area (i.e., VPL) receives GABAergic inhibition, the reticular nucleus receives glutamatergic excitation from vGluT2-positive SN neurons, while select posterior thalamic regions receive a combination of excitation and inhibition.
SN inhibits VPL
Previous anatomical studies have shown connections of the SN with ventromedial, ventrolateral, ventroanterior, centrolateral, mediodorsal, parafascicular, VPL, anteroventral , and anteromedial thalamic nuclei in the rat, cat, and monkey (Faull and Mehler, 1978; Di Chiara et al., 1979; Beckstead, 1983; Russchen et al., 1987; Ray and Price, 1992; Miyamoto and Jinnai, 1994; Sakai et al., 1998; François et al., 2002; Tsumori et al., 2002; Cebrián et al., 2005; Cebrian and Prensa, 2010) . Our study confirms these earlier studies by demonstrating the dense innervation present in the ventral thalamic region. The observation that the SN inhibits the VPL is also consistent with numerous studies that have established that the net effect of SN activation is the inhibition of relay neurons in the thalamus, and that reductions in the spontaneous firing of SNR neurons result in the reduction of GABA release and the disinhibition of thalamic neurons (Ueki et al., 1977; MacLeod et al., 1980; Timmerman and Westerink, 1997) .
SN excites nRT
Our finding that the SN3nRT synapse is glutamatergic differs with a previous study that concluded that it is an inhibitory connection (Paré et al., 1990) . In that study, they found that SN stimulation led to a pause in the firing of nRT neurons. However, in most of their recordings each pause in spiking was usually preceded by a brief burst of activity. We therefore reinterpret the previous findings as the SN directly exciting nRT neurons, with subsequent suppression of spiking likely reflecting another process, such as disynaptic inhibition or activation of calciumactivated potassium channels. In cases where no direct excitatory response was observed, disynaptic inhibition could still produce a pause in firing.
The observation that the SN can excite neurons in the nRT is intriguing because these neurons powerfully regulate the activity of many thalamic nuclei. The nRT, a shell-shaped brain structure that consists of GABAergic neurons, is physically located between thalamic relay nuclei and the cortex. nRT neurons receive inputs from thalamic relay nuclei and the cortex but send inhibitory efferents only to thalamocortical relay cells. The simplest interpretation of an excitatory SN3nRT connection is that the net effect is the inhibition of relay neurons, but it is unlikely that such a simple explanation captures the importance of this connection. Neurons within the nRT are electrically coupled to each other, and populations of these neurons tend to fire together and are involved in the generation of oscillatory activity in the thalamus such as spindle waves (Marks and Roffwarg, 1993; Destexhe et al., 1994; Bazhenov et al., 1999; Landisman et al., 2002) . Furthermore, the nRT is divided into different regions, and there is a precise topographic map between distinct regions of the cortex, nRT, and thalamic relay nuclei. It has been hypothesized that the nRT is involved in attentional modulation, sensory gating, and suppression of distractors (Guillery and Harting 2007a,b, 2012; Barbas and Zikopoulos, 2007; Xiao et al., 2009; Ferrarelli and Tononi, 2011; Barbas et al., 2013) , and in the preparation and execution of cognitive and motor tasks (Pinault, 2004) . We speculate that the excitatory pathway from the SN to the nRT may be involved in selecting a certain task and suppressing other tasks, but future experiments need to be performed to decipher its role.
SN both excites and inhibits PTh
We found that the SN does not simply inhibit neurons in the PTh. Previously, little was known about the properties of the SN projections to the PTh, which is a group of thalamic nuclei that have been implicated in diverse sensory modalities such as pain, auditory and visual processing (Burton and Jones, 1976) , and multisensory and sensorimotor integrations (Hicks and Huerta, 1991; Cappe et al., 2009) , and in diverse conditions including migraine and neglect (Kamishina et al., 2008; Kagan et al., 2013) . These nuclei are part of segregated cortex-basal ganglia-thalamus loops involved in skeletomotor, oculomotor, cognitive, and limbic functions (Reep et al., 1987 (Reep et al., , 1994 Sukekawa, 1988; Vargo et al., 1988; Alexander and Crutcher, 1990; Alexander et al., 1991; Aggleton et al., 1995 Aggleton et al., , 1996 Alexinsky, 2001; Haber and Calzavara, 2009; Kamishina et al., 2009 ). Our findings indicate that the BG provide an output to PTh via two distinct SN neuron populations: GABAergic neurons and glutamatergic neurons. The involvement of an excitatory SN3 PTh connection was unexpected and a major departure from the prevailing view in which thalamic activity is regulated by the firing rate of spontaneously active inhibitory SN neurons. These findings suggest that it is the balance of excitation and inhibition provided by the SN-PTh connection that will dictate the effect of the BG on the activity of this thalamic region.
Synaptic activation of glutamatergic neurons of the SN
We have found that the vGluT2-positive neurons of the SN are inhibited by direct projections from striatal neurons. This establishes that these neurons are innervated by other neurons of the BG, and therefore they are indeed output neurons of the BG circuitry. Future studies will help to clarify whether glutamatergic SN neurons are differentially activated compared with inhibitory neurons of the SNR, and whether they are differentially recruited by direct, indirect, and hyperdirect BG pathways.
Some SN 3 thalamus neurons release both glutamate and dopamine
Although there is precedent for dopaminergic neurons releasing glutamate, it was somewhat surprising that many of the glutamatergic neurons that project to the thalamus are also TH positive. A prior study (Yamaguchi et al., 2013) suggested that in the SN there is minimal overlap between dopaminergic and glutamatergic neurons, in contrast to the VTA, where neurons express both TH and vGluT2 (Kawano et al., 2006; Yamaguch et al., 2011) . We find that most dopaminergic neurons in the SN are not glutamatergic, and many of the glutamatergic neurons that project to the PTh and the nRT do not express TH. Nonetheless, our observation that some of thalamus-projecting vGluT2-positive SN neurons are also TH positive suggests that many of the SN neurons innervating nRT and PTh release both glutamate and dopamine.
Previous studies examined the role of glutamatergic signaling from dopaminergic neurons by conditionally deleting vGuT2 from dopaminergic neurons (Birgner et al., 2010; Alsio et al., 2011; Tritsch et al., 2012). They found altered locomotion in response to amphetamine (Birgner et al., 2010) , decreased dopamine release, and abnormal reward-seeking behavior (Alsio et al., 2011) . Our findings suggest that glutamatergic transmission by dopaminergic neurons projecting from the SN to the thalamus could contribute to these previously described behavioral deficits and could have other behavioral consequences.
Implications for disease
Our finding that SN provides glutamatergic output to a region of the thalamus involved in sensorimotor processing may have important implications for neurodegenerative motor disorders such as Parkinson's disease. It has been suggested that a reactive increase in glutamate transmission occurs in the parkinsonian state (Robelet et al., 2004) and that increased glutamatergic transmission may contribute to degeneration in the SNC (Przedborski, 2005) . A number of studies have found anti-parkinsonian effects of AMPA, NMDA, and metabotropic glutamate receptor antagonists, both alone and in combination with dopaminergic therapies (Klockgether and Turski, 1990; Klockgether et al., 1991; Löschmann et al., 1991; Engber et al., 1994; Gossel et al., 1995; Maj et al., 1995; Marti et al., 2003; Levandis et al., 2008; Samadi et al., 2008) . The glutamatergic output from the SN to the thalamus that we describe here may be the target of glutamate receptor antagonists in the treatment of Parkinson's disease. More generally, the glutamatergic connection between the BG and the thalamus that we have identified must be incorporated into current concepts of normal and pathological function of basal ganglia and thalamus.
